Covalent immobilization of resveratrol onto cellulose acetate polymeric membranes used as coating on a Mg-1Ca-0.2Mn-0.6Zr alloy is presented for potential application in the improvement of osseointegration processes. For this purpose, cellulose acetate membrane is hydrolysed in the presence of potassium hydroxide, followed by covalent immobilization of aminopropyl triethoxy silane. Resveratrol was immobilized onto membranes using glutaraldehyde as linker. The newly synthesised functional membranes were thoroughly characterized for their structural characteristics determination employing X-ray photoelectron spectroscopy (XPS), infrared spectroscopy (FT-IR), Raman spectroscopy, thermogravimetric analysis (TGA/DTG) and scanning electron microscopy (SEM) techniques. Subsequently, in vitro cellular tests were performed for evaluating the cytotoxicity biocompatibility of synthesized materials and also the osseointegration potential of obtained derivatised membrane material. It was demonstrated that both polymeric membranes support viability and proliferation of the pre-osteoblastic MC3T3-E1 cells, thus providing a good protection against the potential harmful effects of the compounds released from coated alloys.
the molecule initially studied being sericin [28] . Thus, in this case, cellulose acetate (CA) membrane was functionalized with resveratrol (Res), a natural polyphenolic compound that has been shown to have a stimulatory effect on bone formation both in vitro [34, 35] and in vivo [36] .
In vitro studies are often performed in order to assess the bioactvity of a material used as potential candidate for bone tissue engineering [34] [37] . Bone formation involves active and differentiated osteoblaststs which induce the synthesis of extracellular matrix that will support the mineralization process [35] [38] . This natural function of osteoblasts might be influenced by the presence of a degradable implant [36] [39] . Recent investigations have shown that magnesium (Mg) itself has the capacity to stimulate the osteoblasts and to induce osteoinductive properties [37] [38] [39] [40] [ [40] [41] [42] [43] . However, the rapid degradation rate of Mg remains a critical challenge. To prevent the fast dissolution of a Mg alloy, namely Mg-1Ca-0.2Mn-0.6Zr alloy, in the present work cellulose acetate (CA) coatings or CA coatings functionalized with resveratrol (CA-Res) are proposed. In vitro tests of cellular proliferation and differentiation are performed in order to evaluate these novel biomaterials for their bone forming potential using MC3T3-E1 cell line. The obtained results could provide additional information for the development of novel materials for application in bone tissue engineering that enhance bone repair and regeneration.
The aim of this paper was to develop a facile method for immobilizing resveratrol (Res) on the surface of a cellulose acetate CA membrane using aminopropyl triethoxysilane (APTS) and glutaraldehyde as linker molecules. The obtained membraness were morphologically and structurally characterized, and cell culture-based tests were also performed to verify the character of osteointegration.
In order to cover the implants made by Mg alloy, the membrane for coating can be synthesized by dipping the alloy in any shape in polymer solution, followed by solvent evaporation. By solvent evaporation, very compact polymeric films are synthesized with small-diameter pores, conferring a smooth character to the surface. The strength of the coating and also the adhesion is indicated by its block uniformity [44] .
Materials and methods

Membranes synthesis
For the immobilization of resveratrol, the cellulose derivative -cellulose acetate was used. The membranes were prepared using a 12% cellulose acetate solution (CA, Sigma Aldrich, 67% acetylation degree) in N, N'-dimethylformamide (DMF, Sigma Aldrich analytical purity 99.96%). Membranes synthesis was done using inversion of the phase by precipitation in water. For this, a polymer film of 300 μm thickness is deposited on the glass and immersed in the clotting bath until the formed membranes detach from the surface of the support. After the membranes are formed, they are washed successively with ultrapure water and ethyl alcohol to remove any solvent.
To modify the membrane surface with APTS and glutaraldehyde, our previously established method was used [28] . For partial membrane hydrolysis, treatment with a 0.1N sodium hydroxide solution (Merck) was carried out for 2 hours at 37 ° C. The immobilization reaction of APTS was performed in a weak basic catalysis using a sodium hydroxide (0.1 N) solution (2 mL per membrane) and 20 mL of 20% APTS in ultra-pure water for 24 hours at 37 °C. After the completion of the reaction, the membranes were thoroughly washed with deionized water in order to remove any traces of unreacted APTS. For resveratrol immobilization (Sigma Aldrich), glutaraldehyde was used as the linker molecule to cross link the APTS and protein. To this end, 50% glutaraldehyde (20 mL) (GA, Fluka) in deionized water together with sodium hydroxide (2 mL; 0.1 N) solution was added over the membrane with APTS maintaining the reaction temperature for 2 hours at 40 ° C. After two hours, membrane was washed and treated with 20 mL of 1% resveratrol solution at 37 o C for 4 hours in deionized water in the presence of sodium hydroxide (0.1N; 2 mL) solution. After the completion of the reaction, the membranes were washed and stored in cold ultra-pure water to, so as to avoid the proliferation/ formation of microorganisms on the membrane surface. C for 72 hours, the polymer film, which coated the alloy, was functionalized by using the same procedures previously described.
Membranes characterization
The synthesized membranes were analysed by Fourier FT-IR using a Bruker Tensor 27 apparatus having a diamond ATR device (range 600-4000 cm -1 ). Different spectra were recorded as an average of 32 successive measurements, eliminating noise bands, atmospheric carbon dioxide and atmospheric water vapor [28] . Scanning electron microscopy (SEM) (FEI XL-30-ESEM TMP instrument) was used to study the membrane morphology. The X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Scientific K-Alpha instrument and the TGA analysis was carried out in nitrogen atmosphere (room temperature to 800 ºC) at a heating rate of 10 ºC/min on a Q500 TA Instruments [28] . Deconvolutions of the C 1s, O 1s peaks were performed after Shirley's inelastic background subtraction and were normalized for the measured transmission function of the spectrometer. A Sartorius installation system was used to study the water flows for the synthesized membranes using 4.5 cm diameter membrane discs and 500 mL deionized water (continuous recirculation). The vacuum in the system was always maintained below the being 0. 
Evaluation of cell attachment and morphology
Cells that were cultured in 24-well-plates in the corresponding extraction media were subjected to immunocytochemistry studies in order to highlight the adhesion capacity after 2 h and the organization of actin cytoskeleton after 24 h of incubation. Briefly, the cells were fixed with cold 4% paraformaldehyde for 30 min at 25°C. After three washes with phosphatebuffered saline (PBS), the cells were permeabilized using a solution that contained Triton X-100 (0.1%) and bovine serum albumin (2%). Actin filaments and vinculin were stained using Alexa Flour-488 phalloidin (Life Technologies, USA) and anti-vinculin antibody (Santa Cruz Biotechnology) followed by Alexa Fluor 546-conjugated secondary antibody (Life Technologies, USA) as previously described [46] . Cells were visualized using a fluorescence microscope (Olympus IX71) and representative images were captured using Cell-F image acquiring system.
Cell proliferation assessment
The potential cytotoxicity of the extracts was tested using MTT (3-(4,
Before performing the test, the extraction media were replaced with fresh culture media to avoid any interference of the tetrazolium salt with compounds released from the Mg-based alloy [47] . The proliferative capacity of the cells was assessed at 1, 3 and 5 days post-seeding in the corresponding extraction media, as described previously [46] .
Alkaline phosphatase quantification
After growing the MC3T3-E1 cells in the Mg alloy extracts for 7 and 14 days, the alkaline phosphatase (ALP) activity was measured employing a commercial kit (Alkaline Phosphatase Activity Colorimetric Assay Kit, BioVision). Thus, at the studied time points, cells were thoroughly washed with PBS and lysed using a lysis buffer provided by the kit.
The lysates were then centrifuged to eliminate the cellular debris. For the assay, 80 μl of supernatant containing the enzyme were used and then 50 μl of 5 mM pnitrophenylphosphate (pNPP) was added and incubated for 60 min at 25°C in the dark. The optical density was measured at 405 nm using a microplate reader (Thermo Scientific Appliskan). After calculating the concentration of the reaction product by relating to a standard curve, the values were normalized to 1 mg/ml protein. The overall protein content for each sample was previously determined using Bradford reaction. Subsequently, the ALP activity was calculated using the formula: ALP activity (U/ml) = A/V/T, where V is the volume of cell lysate used in the reaction (in ml), A represents the amount of p-nitrophenol (pNP) expressed by the samples (in μ mol) and T is the reaction time (in min).
Extracellular matrix mineralization
Calcium deposition was evaluated using the Alizarin red staining. Mg alloy extraction media was used to culture the MC3T3-E1 pre-osteoblasts for 4 and 6 weeks under standard and osteogenic culture conditions. At the end of the experimental period, the cells were twice washed with PBS and fixed with paraformaldehyde (10%) for 20 min at 25°C. Then, a staining with Alizarin Red (Sigma) solution was performed at room temperature for 60 minutes. The dye was discarded and the cell monolayer was subsequently washed with distilled water. The calcium deposits were dissolved in 5% perchloric acid for 10 min. The resulted reaction product was measured at 405 nm wavelength using the microplate reader (Thermo Scientific Appliskan).
Statistical analysis
In order to define the statistical importance of differences amid the samples, all data were submitted to one-way analysis of variance ANOVA (Bonfferoni's multiple comparison test). For each sample group, the mean ± SD was determined and differences with p ≤ 0.05 had been considered to be statistically significant.
Results and discussions
Cellulose acetate-based membrane characteristics
Recently, magnesium and its alloys have been considered ideal candidates as temporary implants due to their excellent particularities such as strength and ductility and the capability to degrade. However, the main drawback of Mg-based materials is its corrosion resistance which often led to local alkalization and a high amount of hydrogen and other ions accumulation in the cavity around the implant resulting in a rapid loss of the mechanical integrity. In order to overcome these side effects, special alloy designs and surface modifications are required. To obtain better performance of Mg-based implants, this study proposes a newly developed Mg-1Ca-0.2Mn-0.6Zr alloy coated with a CA membrane functionalized with Res.
Initial research was performed by the same team that was aimed at deriving the titanium used in implantology with APTS and ethanolamine for further osteointegration of membranes for osteointegration applications [27] . The reason for choosing cellulose acetate for the present study was that by the hydrolysis and degradation in the biological environment, the major compound that is released is glucose. Another advantage would be that, despite biocompatibility, cellulose is a hard-to-handle polymer, being soluble only in mixtures of very toxic organic compounds. While, an inconvenience would be that besides glucose, depending on the degree of acetylation of the polymer, the acetate is released into the body by accepting a proton that can slightly lower the pH in the body at the site of implantation [28] . Scanning electron microscopy ( Fig. 2) reveals the surface changes for each synthesis step. After treatment of the membranes with sodium hydroxide, a surface relaxation was observed because simultaneously with the hydrolysis reaction and the release of the acetate groups, the local breakage of some polymer chains occurs. After immobilisation of APTS, it has a crosslinking effect and consequently a decrease in membrane porosity is observed. The effect has become more pronounced in the case of glutaraldehyde membranes, but decreases for membranes with resveratrol immobilized due to the effect of hydrolysis and breaking of glutaraldehyde molecules to immobilize resveratrol. These changes have been also visible on the porous surface of the membranes. However, these are not so pronounced due to both the large pore size and the fact that this surface has been masked by the glass substrate that has been subjected to the derivatization reactions. Despite the fact that glutaraldehyde is a toxic compound, after functionalization, initial carbonyl groups are transformed. Due to these modifications, by membrane decomposition it is impossible the release of the toxic form of glutaraldehyde.
The conclusions obtained from the interpretation of the electronic microscopy analysis were further supported by the thermal analysis (Fig. 3) . If cellulose acetate membranes are considered as a standard, a decrease of DTG from 345 ° C in the CA membrane at 327 ° C is observed for CA-APTS-GA-RES membrane. For CA-APTS and CA-APTS-GA membranes, the DTG value is comparable to that of CA, this being explained by the fact that at the same time with the immobilization of APTS and GA, there has been also a partial hydrolysis of the polymer. Practically, the needles are gained in the thermal resistance of the polymer by cross-linking the surface of the membrane, thereby losing hydrolysis. In the CA-APTS-GA-RES membrane, with the breakdown of GA molecules for surface derivatisation with resveratrol, the effect of lowering the thermal resistance becomes significant, thus obtaining the difference between the two values (CA versus CA-APTS-GA-RES) ( Table 1 ).
In the FT-IR spectrum of cellulose acetate (Fig. 4) , the peaks attribution is as follows:
1700 cm -1 for the -COO groups, 1250 cm -1 for the CO groups, 1050 cm -1 for the deformation vibrations of the bonds of the CH and OH groups, 900 cm -1 for the deformation vibrations of the COC, CCO and CCH groups [48] . It can be observed that for the -C-H bands of membranes derivatised with APTS and GA, the peaks move to the left confirming the complete modification of the form for the membrane CA-APTS-GA-RES. Also, for the CA-APTS-GA-RES membrane, the 1250 cm -1 band specifies the CO groups in the acetate residues disappearance, indicating a high degree of functionalization of the membrane. The spectrum of the CA-APTS-GA-RES membrane is also different from the other membranes, but the presence of resveratrol can be identified but without much influence due to its small percentage of the surface compared to the polymer-specific groups (Fig. 4) . Modifications in 3000-3500 cm -1 range of FT-IR can be attributed to the hydrophilicity of membranes, since this region indicate the presence of hydrogen bonds from water. With the increase of functionalization degree on surface and also with the increase of compactness of membrane, the material surface become more and more swelled with water molecules. More than that, the highest intensity (if we consider as etalon peak, for example 1050 cm -1 ) is presented for CA-APTS-GA-RES and can be explained by the hydrophilicity of the protein.
XPS spectra (Fig. 5) do not show substantial changes between synthesized materials, primarily because of the large amount of polymer that predominates in the structure of each material. In case of CA-APTS, CA-APTS-GA, CA-APTS-GA-RES membranes, the Si atoms (at 100 eV), respectively nitrogen at 400 eV, are observed. Also, for the CA-APTS-GA-RES membrane, oxygen (at 540 eV) has the highest intensity if we take the carbon band as the reference due to the presence of the three hydroxyl group groups remaining free on the surface of the material. This observation is consistent with observations made on FT-IR spectra on large surface substitution radar.
In order to prove the functionalization of CA, the C 1s ( Fig.6 ) and O 1s ( demonstrated by the appearance of phenolic oxygen peak at 287 eV and also by the shifting of this peak to a lower level. A more detailed discussion can be made on O 1s highresolution spectra. In addition, O 1s spectrum (Fig.7) can be deconvoluted to four peak centered at 533, 531, 529 and 536 eV assigned to OH, C=O, Si-O and C-O phenolic respectively [49] [50] [51] . After the initial hydrolysis of CA the highest intensity of C-O peak (in CA-OH spectra) suggest the increasing of HO groups. In the case of CA-APTS, the appearance of SiO specific peak suggests the immobilization at the surface of membrane of APTS. A discussion regarding C-O intensity cannot be made for CA-APTS due to high steric distribution of other functional groups. In the spectra of CA-APTS-GA-Res the peak at 536 eV attributed to -O-C 6 H 5 from resveratrol appears and also a high intensity of C-O is observed which is the linker group of resveratrol for the rest of molecular assembly.
From the point of view of the retentive capacity of the developed membranes, retention of bovine serum albumin and haemoglobin was studied (Fig. 8) . The peak retention in both these materials was attributed to the surface immobilization of resveratrol on the membranes (85% retention for BSA, respectively 90% for hemoglobin, after 2 hours of recirculation of the feed solution). This behaviour is explained by the affinity of the functional groups of the protein for the functional groups of resveratrol (hydroxyl) and the very low porosity on the membrane filter surface. Also, due to good initial retention, subsequent growth is attributed to the protein-protein associations at the surface of the membrane. For membranes with APTS and GA immobilized on the surface, the retention is quite comparable. The higher degree being explained by the low porosity as compared to that of the cellulose acetate control membrane [28] . The higher retention for hemoglobin is primarily due to its larger molecule, which on accumulates at the filter surface allows less and less passage of the same species through the membrane structure.
The water flows ( MC3T3-E1 pre-osteoblasts behaviour, indirect contact tests using extraction media harvested from each sample were performed in order to examine cell adhesion, organization of the cytoskeleton, proliferation capacity and differentiation potential. Fig. 10 shows the preosteoblast capacity to adhere and grow in the presence of these extraction media. Initial cell adhesion was reported to play a major role in stimulating signals that regulate cell differentiation, cell cycle, cell migration and cell survival [52] . Thus, indirect cell adhesion experiments performed after 2 h of culture revealed efficient osteoblasts attachment and distribution in both extraction media with no obvious differences. After 24 h of culture, fluorescent images showed that the cells were allowed to normally grow in the two tested media, exhibiting typical cuboidal and spindle-shaped morphologies and numerous focal adhesion sites. These observations suggest that the compounds released from the two materials did not significantly affect the actin cytoskeleton of osteoblasts or the focal adhesion structures as highlighted by vinculin staining. Moreover, at 24 h post-seeding, an increased cell density could be remarked in the case of both Mg alloy extracts meaning that cell proliferation was promoted.
Further on, the proliferative status of MC3T3-E1 cells was assessed by performing the MTT assay. Data obtained in this study confirm that the two materials do not exert deleterious effects on cells (Fig. 11) The complex process of bone formation involves three major stages namely proliferation, extracellular matrix maturation and mineralization [53] . ALP activity and extracellular matrix mineralization are two markers frequently used for detecting early and late differentiation of osteoblasts [54] . The influence of the compounds released from Mg-CA and Mg-CA-Res biomaterials on ALP activity was assessed after 7 and 14 days of culture in two experimental conditions, namely in standard or osteoinductive environment. Fig. 9A presents the evolution of ALP activity, normalized to total protein content, expressed by MC3T3-E1 cells grown in the tested extraction media. The results obtained show an increase in ALP activity from day 7 to day 14 and under osteogenic inducing culture conditions. Furthermore, after 7 days of culture no significant differences in the expression of ALP activity by the cells grown in the coated Mg alloy extraction media in both experimental culture conditions were remarked. However, MC3T3-E1 cells cultured for 14 days in the presence of Mg-CA-Res extraction medium exhibited significantly higher levels of ALP activity (p<0.05) when compared with Mg-CA extraction media in both experimental conditions. These observations indicate that the functionalization of CA coating with Res can better stimulate osteoblast cell differentiation. In cell culture-based studies of osteogenic differentiation, extracellular matrix mineratization is considered a functional endpoint which reflects advanced osteoblast differentiation [55] . In this investigation, the formation of calcium deposits was determined by Alizarin red staining. Fig. 11 shows that the addition of shown that Res activated sirtuin-1 (Sirt-1) plays pivotal roles in regulating the balance between osteoclastic and osteoblastic activities leading to increased bone formation in vitro [58] . Other studies that investigated the possibility of incorporating Res onto different scaffolds also showed a positive impact of this compound on bone mineralization. Thus, Kamath et al. [59] demonstrated that Res-loaded albumin nanoparticles into a polycaprolactone scaffold significantly improved mineralization due to prolonged release of
Res. Likewise, incoporation of Res into an acrylic acid-functionalized porous poly-ε-caprolactone led to a significant increase in osteogenesis [60] . Moreover, due to the fact that CA is a semipermeable membrane [61] , it does not create a perfect barrier for Mg 2+ and H 2 gas. Even though the Mg alloy is coated with the CA membrane, the dissolution of Mg alloy occurs and the corrosion products are accumulated between the membrane and the sample.
However, in case of Mg-CA sample the transport of these products is limited to a certain extent. As a consequence, a low amount of Mg 2+ could be released in the culture media during the extraction time. The products released by natural degradation of Mg alloys were shown to induce proliferation and differentiation of normal human osteoblasts [62] .
Therefore, the combination of both Mg 2+ ions and the particles containing the phenolic compound could facilitate the overall osteoblast mineralization in a synergistic way.
Conclusions
Covalent immobilization of resveratrol Res onto cellulose acetate CA polymeric membranes was presented for potential application in the improvement of osseointegration processes.
Resveratrol was immobilized onto membranes using glutaraldehyde as linker after initial reaction between hydrolysed cellulose acetate and amino propyl triethoxy silane. Scanning 
